During a previous study of the opsonic requirements for neutrophil (polymorphonuclear leukocyte [PMN])-mediated killing of enterococci, we identified two strains of Enterococcus faecium (TX0015 and TX0016) that were resistant to PMN-mediated killing. To better define the mechanism of this resistance, we examined phagocytosis with a fluorescence assay and found that TX0016 was completely resistant to phagocytosis by PMNs; this finding was confirmed by electron microscopy. Examination of multiple strains of enterococci revealed that all 20 strains of Enterococcus faecalis tested were readily phagocytosed (mean, 18 intracellular organisms per PMN; range, 7 to 28). In contrast, only 13 (50%o) of 26 strains of E. faecium tested were susceptible to phagocytosis (.7 organisms per PMN); the other 13 strains showed c3 organisms per PMN. Enterococcus casseliflavus ATCC 25788 and one strain of Enterococcus hirae were also resistant to phagocytosis, while two strains of Enterococcus durans, Enterococcus mundtii ATCC 43186, and one strain each ofEnterococcus ralfinosus and Enterococcus solitarius were readily phagocytosed. Exposure ofE. faecium TX0016 to sodium periodate, but not to the protease trypsin or pronase or to phospholipase C, eliminated resistance to phagocytosis. Sialic acid, a common periodate-sensitive structure used by microorganisms to resist opsonization, could not be demonstrated in E. faecium TX0016 by the thiobarbituric acid method, nor was phagocytosis of TX0016 altered by neuraminidase treatment. This study suggests that there is a difference in susceptibility to phagocytosis by PMNs between different species of enterococci and that a carbohydratecontaining moiety which is not sialic acid may be involved in the resistance of E. faecium TX0016 to phagocytosis.
phagocytosis.
The prevalence of enterococcal infections has increased dramatically, and enterococci are now the second most common organism recovered from patients with nosocomial infections, accounting for 12% of all infections (32) . In parallel with their increased prevalence, enterococci have also developed increasing resistance to antimicrobial agents (21, 22) . ,-Lactamase production (23) and high-level aminoglycoside resistance (9, 18) seriously complicate the treatment of infections due to these organisms, and the recent emergence of glycopeptide resistance (1, 3) further narrows the therapeutic options. As antibiotic resistance increases among enterococci, it becomes more important to understand the pathogenesis of enterococcal infections and their interaction with the human host defense system. Neutrophils (polymorphonuclear leukocytes [PMNs] ) are one of the primary participants in the human host defense system's response to invading microorganisms. We (2) and others (13) have demonstrated that neutrophil-mediated killing of enterococci is primarily dependent on complement, activated either by the alternative or by the classical pathway, and that antienterococcal antibodies raised in rabbits or from some patients with enterococcal endocarditis promote neutrophil-mediated killing. While exploring PMN-mediated killing of enterococcal isolates from patients with endocarditis, we discovered that the two strains of Enterococcus faecium examined were resistant to PMN-mediated killing. Conversely, all six strains of Enterococcus faecalis showed approximately 2-log killing after 2 h of exposure to PMNs (2) . In the present study, we have explored the species specificity of this resistance and have begun to examine the mechanisms involved. We have found that certain strains of E. faecium, and occasionally other species of enterococci, are resistant to phagocytosis by PMNs and have determined that a carbohydrate-containing moiety may be responsible for this resistance in one strain.
MATERIALS AND METHODS
Bacterial strains. The strains of E. faecalis and E. faecium used in this study are shown in Tables 1 and 2 . Two of the E. faecium strains, TX0015 and TX0016, had been previously shown to be resistant to PMN-mediated killing (2) . In addition, two strains of Enterococcus durans (TH6-20 and V2.2) and one strain each of Enterococcus solitarius (SS-1277), Enterococcus rafinosus (L269-85), Enterococcus hirae (TL5-21), Enterococcus mundtii (ATCC 43186), and Enterococcus casseliflavus (ATCC 25788) were included to determine the phagocytic susceptibility patterns of diverse species. In an effort to avoid studying identical strains from the same location, isolates with markedly different restriction endonuclease digestion patterns on pulsed-field electrophoresis (20, 23, 26) were chosen (data not shown). All organisms were presumptively identified as enterococci by standard laboratory methods and were further identified to species level by biochemical testing in our laboratory (10) . One strain of group B streptococcus (CB22, provided by Carol Baker [11] ) was used as a positive control for sialic acid determination. All bacterial strains were stored at -70°C in brain heart infusion (BHI) broth (Difco Laboratories, Detroit, Mich.) with 25% (vol/vol) glycerol. Strains were (ii) Neutrophils. PMNs were isolated from EDTA-anticoag- Labeling and opsonization of enterococci. Attachment and ingestion of enterococci by PMNs were assessed by direct visualization with a modification of a previously described fluorescence microscopy method (6) . For each phagocytosis assay, enterococci from an overnight culture in BHI broth were diluted 1:100 in fresh BHI broth and grown to mid-log phase. After washing in HBSS, the bacterial density was adjusted spectrophotometrically to a concentration of 2 x 109 CFU/ml. Enterococci were then labeled by incubation with 0.1% fluorescein isothiocyanate (FITC; Sigma Chemical Co., St. Louis, Mo.) in 50 mM sodium carbonate buffer, pH 9.6, for 30 min at 37°C while protected from light. Labeled organisms were washed twice and suspended in HBSS. This labeling procedure did not affect bacterial viability. The FITC-labeled enterococci were then opsonized with 10% pooled normal human serum in HBSS at 37°C for 15 min with end-over-end rotation. After opsonization, cells were pelleted, washed, and resuspended in HBSS.
Phagocytosis assay. Each phagocytic mixture contained 0.5 ml of opsonized fluorescein-labeled enterococci (2 x 108/ml) and 0.5 ml of neutrophils (2 x 107/ml) in HBSS plus 1 mM Ca2+ and 1 mM Mg +. Immediately after mixing and after incubation for 30 min at 37°C with end-over-end rotation, aliquots of 200 [ll were removed and 10 ,l of 0.1% ethidium bromide was added to a final concentration of 50 ,ug/ml. Ten microliters of the mixture was placed on a glass slide, overlaid with a coverslip, and examined within 20 min with a Nikon Optiphot fluorescence microscope with a 520-nm FITC filter under oil immersion (magnification, x 1,000). Surface-attached or unattached extracellular enterococci appeared orange or green with orange centers, whereas ingested enterococci showed a rim of intense green fluorescence without any orange staining. Twenty-five consecutive individual PMNs per sample were examined to determine the number of ingested organisms per cell.
Electron microscopy. Enterococci were grown overnight in BHI broth and then diluted 1:100 in fresh BHI broth and grown to mid-log phase. Bacteria were opsonized with 10% pooled normal serum and incubated with neutrophils as described for the phagocytosis assay. At 30 min, samples were fixed with 3% glutaraldehyde, pelleted in a microcentrifuge, stained with 2% osmium tetroxide, and dehydrated with graded concentrations of ethanol. The cells were then embedded in Epon 812, thin sectioned, and examined with a JEOL 1200 EX transmission electron microscope.
For capsule determination, E. faecium TX0016 or E. faecalis HH22 organisms were incubated at 37°C for 1 h with 4% specific rabbit antiserum raised against formalin-killed E. faecium TX0016 or E. faecalis HH22, respectively. Bacterial capsules were stained with 0.15% ruthenium red in 5% glutaraldehyde-0.1 M cacodylate buffer, pH 7.4, for 2 h. Bacteria were then embedded in 4% agar, washed five times in cacodylate buffer, postfixed with 2% osmium tetroxide, washed five times in cacodylate buffer, and then dehydrated with a graded series of ethanol, washed three times with propylene oxide, and embedded in LX112 resin (6a). Thin sections were poststained with uranyl acetate and lead citrate.
Treatment of enterococci with enzymes or periodate. To examine the effect of protease or phospholipase treatment (31) , 2 x 109 mid-log-phase enterococci were suspended in 1 ml of 0.1 M sodium phosphate buffer, pH 7.4, and incubated at 37°C with either 1 mg of trypsin (type III from bovine pancreas) per ml for 1 h, followed by the addition of 1.5 mg of soybean trypsin inhibitor (type I-S) per ml and further incubation at room temperature for 40 min; 1 mg of pronase E (protease type XIV from Streptomyces griseus) per ml for 1 h; or 0.22 mg (1.0 U/ml) of phospholipase C (type I from Clostridium perfringens) per ml with 10 mM CaCl2 for 30 min. To examine the effect of periodate treatment (31) , a similar number of organisms were suspended in 1 ml of 0.1 M sodium phosphate buffer, pH 6.5, and incubated in the dark with 0 to 20 mM freshly made sodium periodate at 4°C for 20 min. Bacteria were washed twice, suspended in the same buffer, and incubated with 10 mM freshly made NaBH4 at room temperature for 1 h. To examine the effect of neuraminidase treatment (7, 8) , bacteria were grown overnight in BHI broth and then diluted 1:100 in 10 ml of fresh BHI broth and 4.3 U of neuraminidase (type V from C. perfringens) was added. The bacteria were allowed to grow at 37°C for 2 h, at which time another 4.3 U of neuraminidase was added and the incubation was continued for 2 h. After treatment, all enterococci were washed twice, labeled with FITC, opsonized with pooled normal human serum, and mixed with PMNs, as described above. All enzymes were obtained from Sigma Chemical Co.
Sialic acid and capsule determination. For sialic acid determination, mid-log-phase enterococci were washed, suspended in phosphate-buffered saline (pH 5.0), and treated with 0.5 U of neuraminidase per ml at 37°C for 1 h, and the presence of sialic acid was determined by the thiobarbituric acid method (35) . To determine whether a capsule was present around E. faecium TX0016, organisms were examined with light and electron microscopy and were also stained by the Hiss method with copper sulfate (4). In addition, a modified quellung method was used (33) . Bacteria were suspended in normal saline, and a drop was mixed on a glass slide with a drop of rabbit antiserum raised against formalin-killed E. faecium TX0016. Immediately thereafter, a drop of fuchsin was added and bacteria were examined under light microscopy for evidence of unstained capsules.
RESULTS AND DISCUSSION
Phagocytosis of enterococcal species. Previous experiments showed that six of six strains of E. faecalis were killed by PMNs after opsonization With pooled normal human serum, with a reduction in viability of >99% after 2 h of incubation, while viable counts of two strains of E. faecium (TX0015 and TX0016) were unchanged (2). To investigate the mechanism of this resistance to PMN-mediated killing of these two strains of E. faecium, we chose one susceptible strain (E. faecalis T1XO012) and one resistant strain (E. faecium TX0016) for further study and we examined phagocytosis of these organisms by PMNs by using a fluorescence assay of phagocytosis to look at both attachment and ingestion. After opsonization with pooled normal human serum and 30 min of incubation with PMNs, TX0012 cells were readily phagocytosed by PMNs (Fig.  la) , while T1XO016 cells were neither attached to nor ingested by PMNs (Fig. lb) . Quantitation of ingested organisms revealed 21 ± 2 (mean ± standard error) TX0012 organisms internalized per PMN versus 0 ± 0 for TX0016.
Our assay of phagocytosis using fluorescein-labeled bacteria is simple and rapid, permits quantitative measurement of phagocytosis, and readily distinguishes extracellular or surface- attached organisms from those actually ingested. While others have reported quenching of extracellular fluorescence with the use of trypan blue (15) or crystal violet (14) , we found superior results when mixtures of PMNs and FITC-labeled bacteria were subsequently exposed to ethidium bromide (6) . Extracellular FITC-labeled organisms had a striking green-to-orange color shift after the addition of ethidium bromide, which has been attributed to a combination of the quenching of green fluorescence by ethidium bromide and an independent bacterial uptake of ethidium bromide. While ethidium bromide penetrates poorly into live cells, once inside it is concentrated in the nucleus, not the cytoplasm, making it easier to identify phagocytosed intracellular organisms.
To confirm the lack of phagocytosis of TX0016 seen with fluorescence microscopy, we examined thin sections of the PMN-enterococcal mixtures by electron microscopy. Many TX0012 organisms were phagocytosed by PMNs (Fig. 2a) , often with more than 20 bacteria per PMN within phagocytic vacuoles. There were no attached or internalized TXO016 cells (Fig. 2b) , supporting the accuracy of the fluorescence assay and the lack of phagocytosis of TX0016.
Since both strains of E. faecium that we had previously tested (TXO015 and TX0016) were resistant to PMN-mediated killing following opsonization with pooled normal human serum (2) , while all strains of E. faecalis were killed readily, we wondered whether this resistance to phagocytosis was a species-specific characteristic. Therefore, we screened a wide variety of enterococcal strains by the fluorescence phagocytosis assay. Including E. faecalis TX0012, all strains of E. faecalis tested (20 of 20) were phagocytosed by PMNs (Fig. 3) , with an average of 18 intracellular organisms per PMN (range, 7 to 28). On the other hand, including E. faecium TXO016, only 13 of 26 strains of E. faecium were susceptible to phagocytosis with .7 organisms per PMN (range, 7 to 31), while the other 13 strains of E. faecium were resistant to phagocytosis with .3 organisms per PMN (range, 0 to 3). One representative strain of E. casseliflavus (ATCC 25788) and one strain of E. hirae (TL5-21) were also resistant to phagocytosis, while representative strains of E. raffinosus, E. solitarius, E. mundtii, and E. durans were susceptible to phagocytosis (data not shown). In addition, other strains of E. faecium shown to be clonally related by pulsed-field electrophoresis (20) generated the same result (i.e., susceptible or resistant to phagocytosis) as others of the same clone (data not shown). Further study will be necessary to determine the full extent of this phagocytic resistance and if the mechanisms used by other species of enterococci to resist phagocytosis are similar to that used by E. faecium TX0016.
Mechanism of phagocytic resistance. Normally, opsonization of bacteria is dependent on binding of complement or antibodies. For enterococci, the complement system appears to be of primary importance (2, 13) , and activation of the alternative pathway of complement is sufficient. Microorganisms use a wide variety of mechanisms to resist opsonization by the alternative pathway of complement (16) . Other grampositive bacteria such as Streptococcus pneumoniae and Staphylococcus aureus use capsules for this purpose, and one strain which would now probably be identified as E. faecium has previously been demonstrated to have a capsule (33) . No capsule was visible around E. faecium TXO016 or E. faecalis HH22 by light microscopy alone, after staining by the Hiss method (4), or with a modified quellung method using rabbit antiserum generated against individual enterococcal strains. However, electron microscopy of E. faecium TX0016 after stabilization with specific antiserum and ruthenium red staining demonstrated small electron-dense clumps immediately adjacent to the cell wall which could be consistent with capsular material (Fig. 4) (Fig. lc) (29) , and a tetraheteroglycan composed of galactose, rhamnose, N-acetylgalactosamine, and 13-D-glucose-l-phosphate (28) on the surface of a strain of E. faecalis. However, no information is available regarding surface carbohydrates of E. faecium or their interaction with the human host defense system.
In conclusion, we have identified strains of E. faecium that are resistant to phagocytosis and, by studying one in detail, have determined that a periodate-sensitive structure, which probably contains carbohydrate and is not sialic acid, may be involved. Since PMNs are an important component of the human host defense system's response to invading pathogens, this resistance to PMN-mediated killing may be an important virulence property used by some E. faecium strains. The increasing prevalence of antibiotic-resistant E. faecium makes it even more important to better understand the interaction of these organisms with the human host defense system.
